Abstract. Energetic neutral atom (ENA) imaging is a powerful technique, which can remotely probe the properties of distant hot plasmas. Hot plasmas are abundant at the heliospheric boundary, the region where the expanding solar wind meets the surrounding local interstellar cloud. Here we present a new concept for imaging this boundary in ENA fluxes. Heliospheric ENAs are born from charge exchange between energetic protons and the background interstellar atomic hydrogen gas. The technique is ideal for studying the asymmetric threedimensional heliospheric interface region remotely, from 1 AU. We show that ENA imaging in the 0.2-6 keV energy range will establish the nature of the telTnination shock and properties of hot proton populations in the heliosheath. We also examine how the evolution of pickup proton populations at and beyond the shock can be explored. Global heliosphere ENA images will distinguish among the competing models of the interaction between the Sun and the local interstellar medium, and they will reveal the physics of important processes in the interface region. Heliospheric ENA fluxes are exceptionally weak, which makes imaging implementation difficult. Nonetheless, we show how single-pixel ENA sensors can image the heliosphere from a spicming spacecraft on a typical mission near 1 AU. The required instrumentation is briefly discussed.
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Inferring the properties of the heliospheric interface is complicated by the complexity of the Sun-LISM interaction. The plasma and neutral gas flows are multifluid with often nonMaxwellian ion velocity distributions. Plasmas and neutral atom populations are not in thermodynamic equilibrium, many processes are nonstationary, energetic ions substantially modify the shocks, and galactic and anomalous cosmic rays contribute important pressure gradients. The mean free path of neutral atoms is comparable to the size of the heliosphere, which strongly limits applicability of gasdynamical methods. Consequently, a self-consistent model of the stationary heliosphere has yet to be developed.
The lack of the direct experimental data severely limits our ability to understand the details of the hellospheric interactions. Further progress in studying the Sun-LISM interaction critically depends upon the validation of the fundamental assumptions underlying the concept of the heliosphere. Direct and "clean" experimental data on the nature of the termination shock, its distance and shape, and the evolution of the pickup proton population will substantially advance our understanding of the heliosphere and constrain the competing theoretical models.
Within the next several years, Voyager 1 may reach the termination shock. If so, the spacecraft, now nearing 80 AU, will establish the distance from the Sun to the termination shock in one point direction for a particular phase of the solar cycle. Voyager 1 is headed in approximately the upwind direction, and the termination shock is estimated to be somewhere between 80 and 100 AU [e.g., Lee, 1996] . The planned Interstellar Probe spacecraft will cross the termination shock, explore the heliospheric interface, and sample the LISM in approximately the same direction some time after the year 2020.
Because the termination shock and the interface region beyond are so huge (hundreds of astronomical units), only remote techniques can provide a global view of the time-varying threedimensional hellosphere on a continuous basis.
We argue that the technique for obtaining our first information on the global structure of the heliosphere is already at hand. This technique, energetic neutral atom (ENA) imaging, is sensitive to the details of the structure of the hellospheric interface, to the nature of the termination shock, and to the evolution of the pickup proton properties at and beyond the termination shock.
The scientific promise of ENA imaging has been increasingly argued for since the early 1980s and has led to extensive development of the concept and instrumentation. The concept was validated by imaging the magnetospheric ion populations using ad hoc techniques with existing non-ENA instruments [Roelof, 1987; Henderson et In this article we present the concept of heliosphere imaging using naturally occurring ENA fluxes. ENA imaging will distinguish among the competing Sun-LISM interaction models, radically constrain the models, and explore the physics of the critical and often superimposed processes in the interface region. Heliospheric ENA fluxes are exceptionally weak, which makes imaging implementation nontrivial. Therefore we also describe how the hellosphere can be imaged on a realistic space mission based on the available instrumentation technology.
Heliospheric Interface
The properties of the LISM determine important features of the Sun-LISM interaction. The physics of the LISM is far from completely understood [Cox and Reynolds, 1987; Frisch, 1995; Breitschwerdt, 1996] . The LISM is not in thermodynamic equilibrium and may not be in a stationary state, because of the Sun's proximity to the edge of the Local Interstellar Cloud [Linsky et al., 2000] . The LISM velocity vector with respect to the Sun (26 km s-'; ecliptic longitude 252 ø and latitude +7 ø) and the LISM temperature (-7000 K) have been reliably established [Lallement et al., 1990; Witte et al., 1996] . However, the inferred number density and the degree to which the LISM is ionized are poorly known; we also know very little about the direction and magnitude of the interstellar magnetic field.
Interstellar plasma and neutral gas are efficiently coupled in the heliospheric interface through charge exchange, which modifies the properties of the inflowing interstellar atoms [Wallis, 1975; Ripken and Fahr, 1983; Baranov and Malama, 1993, 1995 The plasma-gas coupling also determines the extension of the heliospheric tail. The lack of direct experimental data limits our ability to validate the concepts of particle acceleration at, and the nature of, the termination shock.
Termination Shock
We do not know what exactly happens in the region of the heliospheric interface. However, we do know that the solar wind is supersonic at least to the present-day distances of Voyager spacecraft nearing -•80 AU, and we do know that the solar wind supersonic expansion cannot continue indefinitely because of the finite LISM pressure. If the concept of the solar wind termination by a shock is correct, then there is a region containing hot (shocked) decelerated (subsonic) plasma beyond the termination shock. The properties of the postshock plasma would strongly depend on the nature of the shock, i.e., whether the shock is predominantly gasdynamical and strong [e.g., Baranov, 1990] Solar wind momentum flux is •50% higher over the sun's poles than near the ecliptic plane. Therefore the termination shock would likely be a factor of •1.2 farther away over the Sun's poles compared to the ecliptic at the same angle from the upwind direction. The solar wind pickup proton fraction at the shock is roughly proportional to the distance to the termination shock times the charge-exchange cross section. Because the cross section at 750 km/sec is a factor of-•l.2 less than that at 450 km/sec, the pickup proton fraction would be approximately the same. However, the pickup energies would be significantly, a factor of---3, different. In addition, the solar wind magnetic field structure dramatically varies with ecliptic latitude. All these variations may translate into fundamental differences of the termination shock at different latitudes and longitudes. 
Gasdynamical models of the interaction fail to properly describe non-Maxwellian plasma ion velocity distributions, in
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ENAs are born in the charge exchange between energetic plasma ions and background neutral gas. When charge exchange occurs, the resulting ENA instantaneously becomes independent from the surrounding plasma and the influences of the magnetic field. The neutral particle moves in a ballistic trajectory away from the point of charge exchange governed only by the initial velocity and gravitational forces. With the exception of very low energies (< 50 eV/nucleon), gravitation can be disregarded, and one can assume that ENAs preserve those energetic ion velocities immediately before the chargeexchange collisions. As ENAs travel through space, they may be lost by ionization in a second charge exchange, electron collisions, and photoionization. ENA loss is usually small and mostly occurs close (<10 AU) to the Sun; elastic collisions (scattering) of ENAs on the solar wind plasma are negligible beyond 1 AU. The ENA ability to fly straight across magnetic field lines and their small and reliably quantifiable loss allow probing of remote, inaccessible regions in space. Additionally, ENA imaging provides the only way to image plasma protons.
It was understood in the early 1960s that the processes at the solar wind termination region would produce ENAs (see review by Gruntman [ 1997] ). The emerging concept of the heliosphere [Davis, 1955; Parker, 1963] [Fahr, 1974; Holzer, 1977; Meier, 1977; Thomas, 1978; Bertaux, 1984] . Gruntman [1992] showed later that the ENA flux from the hellospheric sheath is highly anisotropic and significantly weaker than was suggested by Patterson et al. [ 1963] .
ENAs provide an often-ignored mechanism of transport of energy and momentum in the heliosphere. The ENAs born in the supersonic solar wind [Fahr, 1968b; Gruntman, 1994] and heliosheath would penetrate and "contaminate" the pristine LISM at distances up to 300-400 AU [Gruntman, 1982] . Therefore, even a supersonic interstellar wind would "learn" about the heliosphere before reaching the bow shock. The interstellar wind flow would thus be heated, slow down, and deflect [Gruntman, 1982] as shown in Figure 1 .
We concentrate in this work on hydrogen ENA fluxes within the energy range 0.2-6 keV. The dominant source of such ENAs is the postshock solar wind plasma and pickup protons in the heliosheath (hatched area in Figure 1) . This is the most promising energy range for study of the three-dimensional structure of the heliosphere, nature of the termination shock, and evolution of the pickup proton properties. We will show that the predicted ENA fluxes are high in intensity and strongly depend on the details of the physical processes in the heliospheric interface.
At The energy of protons in the supersonic solar wind is 1-3 keV, while the energy of electrons is a few eV. The gasdynamical models often treat the plasma as a single fluid assuming the same proton and electron temperatures. In the case of a strong shock, a large fraction of the supersonic solar wind kinetic energy is transformed into the thermal energy of the plasma. If most of this energy remains in the plasma proton component, then the proton temperature would be significantly higher than the electron temperature. This uneven energy distribution would be pronounced in ENA energy distributions (Figures 5c and 5d) .
The bulk of the pickup protons in the supersonic solar wind upstream of the termination shock does not produce detectable ENAs (Figure 5f ). The strength of the termination shock would determine the energy distribution of the ENAs produced by the pickup protons in the downstream region (Figures 5g and 5h) . of ENAs at a given velocity (energy) would probe different parts of the proton velocity distribution function and may vary by orders of magnitude. ENA spectra are extremely sensitive to the flow pattern in the heliosheath. Global ENA imaging thus gives us spectral information on the nature of the evolution of the proton populations at the termination shock interwoven with the global flow pattern of the plasma in the heliosheath. The solar wind reaches the termination shock in ---1 year. A hydrogen ENA with energy •-1200 eV would cross back the distance of---100 AU from the hellospheric sheath and reach an observer in the inner solar system also in 1 year. It would take 2 years for a 300-eV ENA to reach the observer. Therefore the heliospheric images would measure the heliosheath plasma properties averaged over a few years. Therefore hellosphere imaging is capable of probing the 11-year solar cycle variations of the interface region.
Model
We demonstrate the main features and potential of hellosphere imaging in the ENA fluxes using a two-shock gasdynamical model [Baranov and Malama, 1993, 1995; Baranov et al., 1998 ]. The two-shock (Baranov) model assumes that both the interstellar plasma flow and the solar wind plasma flow are supersonic. The plasmas are described as single fluids, while the neutral gas is described kinetically. The plasma-gas charge-exchange coupling is treated self-cOnsistently. Cosmic rays, energetic particles, and magnetic field are disregarded. The hellospheric axisymmetric plasma-gas flow fields (velocity, temperature, and number density) were calculated for this work by V. Baranov Two major possibilities of the termination of the solar wind expansion are a strong shock and a weak shock. In the case of a strong shock, the two-shock gasdynamical model as described above is applied. The ENA fluxes are calculated using (3) for given plasma local number densities, velocities, and temperatures along the lines of sight. In the case of a weak shock, the bulk of the original solar wind plasma would not be sufficiently heated to produce ENA fluxes with the energies >0.2 keV.
The most prominent source of the higher-energy ENAs With the energies up to a few keV is the pickup protons in the postshock region. Therefore ENA global images would directly reveal the evolution of the pickup proton population at and beyond the termination shock. The details of this evolution could be different over the Sun' s poles and near the ecliptic.
We do not know what exactly happens to pickup protons at the shock crossing or later, when they are being evacuated to the heliospheric tail. We consider here two deliberately simple and qualitatively different possibilities. First, we assume that Second, we assume that the same uniform spherical velocity distribution is thermalized into a Maxwellian distribution in the shock transition; no energy exchange occurs with the bulk of the solar wind plasma. The pickup protons can now be described by a shifted Maxwellian distribution function. In other words, we assume no heating and compression at the shock crossing, but the pickup proton energy is redistributed among the protons to form a Maxwellian distribution. This Maxwellian pickup proton population is convected to the heliospheric tail. We assume that the temperature of the pickup protons changes in proportion to the change of the bulk plasma temperature.
Imaging the Heliosphere in ENA Fluxes
The energy-angle dependences of ENA fluxes are shown in Plate 1. The axes are the ENA energy and the observation angle 0 (see Figure 1) The strong-shock case angular dependence (curves A, Figure  8) illustrates an important ENA flux enhancement in the downwind region. This enhancement is a signature of the ENAproducing region stretching to large distances in the heliospheric tail. In the absence of ENA loss beyond the termination shock, the ENA flux (cm -2 sr 'l s -l) would be proportional to the extension of the ENA-producing region. duty cycle achieved for the polar heliospheric regions and minimal duty cycle achieved for the regions close to the ecliptic plane. The directional dependence of the coverage duty cycle is compensated for during the data reduction. Since both instruments would cover some identical directions in the sky during the mission, they can be intercalibrated. The transverse (spinning) imager will cover the entire celestial sphere in half of the orbit period, T/2, but with a low duty cycle. On the other hand, the parallel imager will only sweep the ecliptic directions in the period T, but with -50 times the duty cycle of the spinning imager. Much higher numbers of counts accumulated in ecliptic pixels are important for identifying possible contributions from nontermination shock ENA sources inside the heliosphere. This ENA foreground includes contributions from the energetic proton populations associated with shocks in the solar wind [Roelof, 1992] . To conclude, ENA imaging is a powerful technique to remotely probe properties of distant hot plasmas. The technique ideally suits the study of the asynmaetric, three-dimensional heliospheric interface. ENA imaging in the 0.2-6 keV energy range will establish the nature of the termination shock and properties of hot proton populations in the heliosheath. The evolution of pickup proton population at and beyond the shock can be remotely explored. Heliosphere ENA imaging would distinguish among the competing Sun-LISM interaction models and explore the physics of the critical processes in the interface region. Weak ENA fluxes make imaging implementation nontrivial, but it can be done, as we show, by single-pixel ENA sensors on a spinning spacecraft during a typical mission near 1 AU. The instrumentation technology is ready.
